Abstract. Direct powder rolling (DPR)/roll compaction has been labelled a complex and sample sensitive process. As such the design of the instrument and the determination of the optimal processing conditions for a given feed are very challenging. The challenge is attributed to a wide range of operating parameters and material properties. Several theoretical models can be used to evaluate the interaction of the different parameters and properties and how their changes affect the rolling process. In this study, the Johanson theory was used to determine the rolling parameters of titanium powder. Preliminary results of the nip angle, nip pressures and maximum horizontal pressures of the mill for the powder rolled on a 55mm diameter roll with roll gap sizes of 0.175, 0.15 and 0.05 mm were obtained. The results were found to be acceptable for the nip angle estimation, however improvement on predicting the maximum horizontal pressure is required.
Introduction
Direct powder rolling/roll compaction is a powder metallurgy process that converts powders into solid compacts by use of a rolling mill at ambient temperatures. The rolling process involves the use of two rotating cylinders that rotate about an axis to achieve compaction [1] . The rolling process occurs in an area that is divided into three zones [1] . The first zone is the feeding/entry zone where the densification is mainly by re-arrangement of particles due to small stresses created by the feeding pressure derived from a particular feeding method. The second zone is the compaction/nip zone where densification occurs by particle fracture and/or heavy plastic deformation under large stresses created by the rotating rolls. The entry and compaction zones are separated by the nip angle. The nip region starts at the nip angle and ends at the centre of the rolls at which point the exit zone begins. The point at the centre of the rolls where the exit zone begins is known as the neutral point. The stresses are reduced to zero in this zone and expansion due to elasticity can or may occur as the sheet exits from the rolls [1] . The three zones are shown in a schematic diagram in Fig. 1 . Fig. 1 . Schematic of the rolling zones (after Balicki)
1 .
The direct powder rolling (DPR)/roll compaction process is complex and sample sensitive. As such the design requirements of the instrument and the determination of the optimal processing conditions can vary. This makes the roll compaction process very challenging to control. The challenge is attributed to a wide range of operating parameters and material properties which, when they are varied cause significant changes in optimum rolling parameters without any obvious and clear relationship between them. This behavior has led to a need to experimentally roll every powder to establish the conditions required to successfully compact it, which can be expensive and tedious. To eliminate this problem, several theoretical models have been used to predict the rolling process. These models are the Johanson theory, Finite Element Analysis (FEA), Discrete element method (DEM) and Artificial Neural Networks (ANN) [2] . These models have been applied mostly in evaluating the rolling of pharmaceutical and other powders but not so much of the metal powders [2] . The Johanson theory seems to be the most applied for evaluating the rolling process in many industries [3, 4] . In this study, the Johanson theory will be used to determine the rolling parameters of titanium powders. The rolling parameters will be evaluated using the iPython software (version 2.7). For this preliminary work, the values of the nip angle, nip pressure, nip region pressure distribution and the maximum horizontal pressure will be calculated for the titanium powder named CSIR-Ti +45-180µm powder.
Johanson theory. The Johanson theory uses several equations to determine parameters that affect the rolling process [5] . It provides equations to calculate the nip angle by graphically solving equations 1 and 2 for varying angles. The nip angle is determined as the angle at which the two graphs overlap.
For slip condition:
Where: The mean nip pressure is calculated by numerically solving Eq. 1 for initial conditions at mean feed pressure (σ o ) at θ h to mean nip pressure (σ α ) at θ α calculated based on the Eq. 3 and Eq. 4. The distribution of the mean pressure within the nip region is then calculated based on Eq. 5.
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= − ,
where θ h = angular position at which Po is applied =
where Po = equal to the minor principal stress (σ 2 ) σ 0 = mean normal stress at θ = θ h
The mean nip pressure value is then used for the calculation of the maximum horizontal pressure exerted (Eq. 6) to the powder by a press of known dimensions at a selected roll gap size. This maximum horizontal pressure occurs at θ = 0. This pressure determines if compaction of the powder occurs and how much densification strength can be achieved during rolling.
where σ α = mean normal stress at θ = α α = nip angle
Experimental work Powder characterisation. The titanium powder, CSIR-Ti +45-180µm was supplied by CSIR. The particle size measured using the Blue wave microtrac and the powder had a D90 of 170µm [6] . The powder was characterized for the effective angle of friction (δ), major (σ 1) and minor (σ 2) principal stresses and wall friction angle (ϕ) using the FT4 powder rheometer. The shear and friction test for measuring these values on the FT4 are reported in detail in elsewhere [6] . The compressibility was carried out using a uniaxial press with both plungers moving. A 5g sample was pressed using an Enerpac 100tonne press. A cylindrical die with 17.5mm internal diameter was used. Pressing was carried at pressures ranging from 500-2000MPa. The densities of the compacts were calculated from the measured mass and volume. The mass was measured using an Ohaus Voyager Pro balance, the diameter was measured using a Vernier caliper and the height was measured using a micrometer screw gauge.
Rolling. Rolling was carried out on a 55mm diameter roll. The rolling procedure was reported elsewhere [6] .
Computer Modeling. Knowing the characteristic material properties of the powder and feed pressure, the rolling parameters of CSIR-Ti +45-180um powder were numerically simulated according to the Johanson equations [5] . An iPython code (version 2.7) was developed and implemented in order to determine: (d) maximum horizontal pressure achieved at the different roll gaps calculated using Eq. 6
The results were presented graphically and the values of interest were extracted from the graphs.
Results and discussion
Powder characterisation. The internal angle of friction (δ) and the wall friction angle (ϕ) were measured as 36.5º and 15.1º respectively. The major principal stress (σ 1 ) was 16.2 kPa and the minor principal stress (σ 2 ) was 4.1 kPa. The compressibility results were plotted as a log pressure against log density diagram as shown in Fig. 2 . The compressibility factor (K) was calculated as the inverse of the gradient to be 4.71.
Fig. 2. Determination of compressibility factor (K).
The nip zone is a very important region to understand as this is where densification occurs. The nip angle value can be used to determine the nip pressure and ultimately the maximum horizontal pressure that the press must produce. This maximum horizontal pressure determines the density achieved. This density is crucial as it determines whether the maximum horizontal pressure is sufficient to give sufficient strength and density for subsequent processing in terms of handling and achieving full density respectively. According to the Johanson theory the nip angle is where the values of the angles are equal for both slip and no slip pressure gradients when solved graphically. A graphical solution gave a nip angle of 7.9º for a roll gap of 0.05mm evaluated for CSIR-Ti +45-180µm powder as shown in Fig.  3a . The nip angle value did not change when the roll gaps were increased to 0.15 and 0.175mm respectively. The graphically solved nip angle value was very close to the value of 8.1 o obtained from an equation given in ref [7] for calculating the gripping/nip angle. It was concluded that the estimation of the nip angle by the Johanson theory is acceptable as it gives results that were reproducible by an alternative calculation. Based on these values the mean pressure distribution in the nip region and the maximum horizontal pressures for each roll gap were determined by equations 5 and 6 respectively. The mean pressure distribution results are shown graphically in Fig. 3b for the three roll gap sizes evaluated. Based on the mean pressure distributions shown in Fig. 3b , the maximum horizontal pressure was calculated to be 100, 172 and 14353MPa for roll gaps of 0.175, 0.15 and 0.05 mm respectively. The density of the sheets obtained for the three sheets were 92, 94 and 96% respectively. From the uniaxial compaction/pressing results the pressures required to achieve these densities were determined to be no greater than 1500MPa. However, rolling results show values that are very low for 0.15 and 0.175 mm roll gaps and extremely high for the 0.05 mm roll gap.
From correlating the uniaxial compaction/pressing results with the Johanson theory-derived results, the Johanson theory seems to incorrectly predict the pressures that resulted in the sheets that were obtained. There could be a number of reasons for the inaccurate prediction of these values. Firstly, the feed pressure used for the calculation of the nip pressure and subsequently the maximum horizontal pressure might not be reliable. This is because the two equations that have been derived by Johanson for calculating the feed pressure give different values of feed pressure for the same powder, hence it is not clear which value must be chosen [5, 8] . It seems the only time that the calculated maximum horizontal pressure values match the values obtained from uniaxial compaction/pressing is when an estimate feed pressure value equal or greater than 0.01MPa is used, yet there is no explanation as to how that value is derived or chosen [1, 4, 8] . The estimate feed pressure value (0.01MPa) is very high compared to the values that are obtained from feed pressure calculations obtained in this study making it difficult to decide on a systematic way of determining the all so important feed pressure. Secondly, important to the pressure calculations is the value of K. In this work, the value of K was determined from uniaxial compaction/pressing at very high pressures (500 -1310MPa). This could affect the correct or representative value of K as the calculated nip region pressures are very broad starting from very low values of kPa ranges up to MPa ranges. Therefore, the K value has to be checked and evaluated by carrying out the pressing using an instrument that can measure pressures from kPa to MPa ranges.
Summary
The nip angle was evaluated to be 7.9 o which is acceptable for the powder being evaluated. The predicted maximum horizontal pressure values were not a good match to the values predicted by uniaxial compaction.
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